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In these experiments, we have characterized the bifunctional sperm protein PH-20 in macaque sperm and studied its
hyaluronidase activity. Intact sperm were evaluated before the acrosome reaction (AR), and a soluble form of PH-20 released
during acrosomal exocytosis was also investigated. Western blots of SDS±PAGE of acrosome-intact sperm extracts revealed
a 64-kDa form of PH-20 was recognized by a polyclonal antibody (R-10) raised in rabbits against puri®ed, recombinant
cynomolgus macaque sperm PH-20. The soluble components released during the AR which were recognized by the R-10
antibody included both the 64-kDa form and a 53-kDa form of PH-20. An ELISA-like procedure for determining PH-20
hyaluronidase activity indicated that acrosome-intact sperm exhibited two peaks of hyaluronidase activity near pH 4 and
⁄pH 7. The majority of enzyme activity in acrosome-intact sperm extracts occurred at neutral pH, while the soluble
hyaluronidase activity released at the AR was predominantly acid-active. Hyaluronidase activity of PH-20 at different pH
optima was investigated using hyaluronic acid substrate gel electrophoresis, and results indicated that the 64-kDa polypep-
tide had a broad range, with the majority of activity at neutral pH (pH 7). The 53-kDa polypeptide in sperm extracts only
exhibited activity at acid pH (pH 4). The hyaluronidase activities of both enzymes could be inhibited by apigenin. The
soluble PH-20 hyaluronidase activity released during the AR was primarily of the acid-active 53-kDa form. Fine structural
localization of PH-20 using Fab fragments of R-10 IgG demonstrated that PH-20 was associated not only with sperm
membranes, but also with the dispersing acrosomal contents. These data suggest that the more neutral-active form of PH-
20 (64 kDa) is present on the plasma and inner acrosomal membranes and gives rise to the soluble acid-active form at the
time of the AR. The generation of the soluble form of PH-20 may result from the action of acrosomal enzymes, which
could include proteases, glycosidases, and phospholipases. q 1996 Academic Press, Inc.
INTRODUCTION acrosome-intact sperm undergo the AR and localized hydro-
lysis of the cumulus ECM occurs near the zona surface
During mammalian gamete interaction, sperm must tra- (Yudin et al., 1988; Drobnis et al., 1988; Cherr et al., 1990).
verse the cumulus oophorous, which consists of approxi- It has been suggested that penetration of the cumulus ECM
mately 3000 cumulus cells embedded in a hyaluronic acid- by acrosome-intact sperm requires vigorous motility and is
rich extracellular matrix (ECM) (Yudin et al., 1988; Cherr facilitated by limited hydrolysis or alteration of the cumu-
et al., 1990, Salustri et al., 1992; reviewed by Yanagimachi, lus ECM, which may depend on sperm plasma membrane-
1994). The acrosomes of mammalian sperm are known to associated hyaluronidase activity (Cummins and Yanagi-
contain hyaluronidase, which is released during the acro- machi, 1986; Yudin et al., 1988; Lin et al., 1994; Yanagi-
some reaction (AR). However, evidence from several animal machi, 1994; Thaler and Cardullo, 1995).
species suggests that sperm traverse the cumulus ECM prior The amino acid sequence of the sperm membrane protein
PH-20 has been reported to have signi®cant homology withto initiating the AR. Having reached the zona pellucida,
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108 to 4 1 108 sperm total, were centrifuged at 10,000g for 10 min,bee venom hyaluronidase (Gmachl and Kreil, 1993), and PH-
and the supernatants were removed. The pellets were resuspended20 has been shown to have hyaluronidase activity (Gmachl
in 50 mM Tris (pH 7.2) containing protease inhibitors (20 mMet al., 1993; Lin et al., 1994). Furthermore, antibodies to
EDTA, 1 mM p-hydroxymercurobenzenzoate, 5 mM N-ethylmalei-PH-20 that inhibit its hyaluronidase activity block cumulus
mide, and 1 mM para-aminobenzamidine to ®nal concentrationspenetration by acrosome-intact mouse sperm (Lin et al.,
of 3 1 108 to 4 1 108/ml). The supernatants from the AR sperm
1994). Collectively, these ®ndings support the hypothesis had the same concentrations of protease inhibitors added and were
that plasma membrane-associated hyaluronidase activity is ultracentrifuged at 47C for 1 hr at 100,000g. The upper 80% of
involved in cumulus ECM penetration and that PH-20 is the 100,000g supernatant was carefully removed, and concentrated
the protein which is responsible for hyaluronidase activity. nonreducing SDS±PAGE solubilization buffer (62.5 mM Tris/HCl,
The PH-20 protein has been shown to be localized over pH 6.8, 10% glycerol, 1% SDS, and 0.5% bromphenol blue, ®nal
concentrations) was added at 47C. The supernatants were main-the head plasma membrane of macaque, human, and mouse
tained on ice prior to electrophoresis. Concentrated (®ve times)spermatozoa (Lin et al., 1994; Overstreet et al., 1995). Re-
SDS±PAGE solubilization buffer was added to the concentratedcently, the N-terminal sequence of a biochemically well-
suspension of acrosome-intact sperm in protease inhibitors, whilecharacterized ovine hyaluronidase has been shown to have
the AR sperm were washed once more (10,000g for 10 min) in mediahomology with the sequences of macaque and human PH-
containing protease inhibitors and then were treated in the same20 (Gacesa et al., 1994). Sperm hyaluronidases from a vari-
way as the acrosome-intact cells. Sperm in SDS±PAGE solubiliza-
ety of species, including ovine, have previously been charac- tion buffer were vortexed vigorously for 3 min at 47C, and cellular
terized as acid-active enzymes which are soluble and are debris was pelleted at 10,000g for 10 min and discarded. Samples
derived from the acrosomal matrix (Rogers and Yanagi- were maintained £47C or were heated to 957C for 5 min as de-
machi, 1975; Triana et al., 1980; Harrison, 1988a,b; Hardy scribed below.
et al., 1991). A soluble hyaluronidase has been shown to For ELISA-like enzyme assays, sperm preparations were identical
be released during acrosomal exocytosis in mouse sperm; to those described below for the gel substrate electrophoresis proce-
dure except that 1% Triton X-100 in Tris-buffered saline (TBS)however, signi®cant quantities of a GPI-anchored hyaluron-
containing enzyme inhibitors was used for extraction. Acrosome-idase also are present before and after the acrosome reaction
intact sperm were treated by the addition of Triton X-100 (1% ®nal(Thaler and Cardullo, 1995). It is easy to envision that the
concentration) and a 401 concentrated solution of the proteasehyaluronidase activity required for sperm penetration of the
inhibitors. The sperm suspensions were vortexed for 5 min fol-cumulus ECM could be due to the hydrolytic activity of
lowed by centrifugation at 10,000g for 10 min. The supernatant wasplasma membrane-anchored PH-20 on the sperm head.
decanted and stored at 0807C until assayed for enzyme activity.
While it is assumed that this plasma membrane-bound en- Following induction of acrosome reactions, the 100,000g AR super-
zyme is active at physiological (neutral) pH, the relationship natant was also stored at 0807C until assayed. A signi®cant loss
of such a neutral-active hyaluronidase to the previously de- of hyaluronidase activity in sperm extracts was not observed during
scribed acid-active hyaluronidase derived from acrosomal storage at 0807C (data not shown). Extracted sperm were ®xed,
contents is not clear (Gacesa et al., 1994). probed with anti PH-20 antibody, and viewed using epi¯uorescence
microscopy (see methods described below) to ensure complete ex-In this study we investigate the relationship between PH-
traction of PH-20.20 and hyaluronidase activity in capacitated macaque
For each of the procedures described below, the speci®c experi-sperm, and we characterize the protein and its enzyme ac-
ments were repeated three or more times using different pooledtivity before and after the AR. Our ®ndings that the AR
sperm samples for each replicate.results in the release of soluble PH-20 as well as functional
Electrophoresis and Western blotting. For SDS±PAGE analy-alterations of the PH-20 hyaluronidase activity generate ad-
ses, samples which were either nonreduced (as described above) orditional hypotheses regarding the function of PH-20 during
reduced (addition of 5 mM b-mercaptoethanol with heating to 957C
different stages in the process of sperm±egg interaction. for 5 min) were subjected to SDS±PAGE using 4±15% gradient gels
(Bio-Rad Corp., Hercules, CA) as previously described (Cherr et al.,
1990). Gels were blotted to nitrocellulose membranes according to
METHODOLOGY Towbin et al. (1979), incubated in blocking solution (9% nonfat
dry milk, 0.1% Tween 20 in Tris-buffered saline) for ⁄2 hr, and
probed with antisera raised in rabbits (R-10) against puri®ed recom-Sperm capacitation, induction of the acrosome reaction, and
binant cymomolgus macaque PH-20 (Lin et al., 1994; Overstreetsample preparation. Semen was collected from male cynomolgus
et al., 1995) or control rabbit serum. Anti-rabbit IgG conjugatedmacaques housed at the California Regional Primate Research Cen-
to horseradish peroxidase was the secondary antibody. Molecularter and sperm were washed by dilution and centrifugation using a
weight standards were biotinylated (Bio-Rad) and observed usingmodi®ed Biggers, Whitten, and Whittingham (BWW) medium as
an antibody to biotin conjugated with horseradish peroxidase.previously described (Overstreet et al., 1995). The washed sperm
Relative proportions of polypeptides in individual lanes were de-pellets from two males were pooled, and the sperm (6 1 108 to 8
termined by scanning of gels (Abaton Scan 300/GS) and subsequent1 108 in 1 ml) were chemically activated to induce capacitation by
analysis of scans using an NIH Image 1.55 Gel Scanning Macro onthe addition of 1 mM each of caffeine and dibutyryl cAMP for 30
a Macintosh computer.min (Vandevoort et al., 1992). Calcium ionophore A23187 (15 mM
Hyaluronic acid substrate gel electrophoresis. Substrate gel®nal concentration in dimethyl sulfoxide) was added to capacitated
electrophoresis of sperm samples was conducted according to Gun-samples to induce the AR.
AR sperm or acrosome-intact sperm, at concentrations of 3 1 tenhoner et al. (1992). Brie¯y, 7.5% SDS polyacrylamide gels were
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prepared containing 170 mg/ml hyaluronic acid (HA) (CalBiochem, relative NFU's after a four-parameter curve ®t was detemined for
each assay (average r2  0.97).La Jolla, CA) in the separating gel prior to polymerization. The
Localization of PH-20. The procedure for ®ne structural local-stacking gel did not contain HA. Following electrophoresis, gels
ization of PH-20 was modi®ed from one employed previously withwere incubated for 2 hr at 257C in TBS containing 3% Triton X-
®xed macaque sperm (Overstreet et al., 1995) in that primary anti-100 in order to remove SDS. Gels were then incubated in 100 mM
body labeling was conducted with live sperm using Fab fragmentssodium acetate buffer at either pH 4.0 or pH 7.0 at 377C for 18±20
of R-10 IgG; this is the ®rst time PH-20 localization on sperm hashr. To visualize regions of digestion of HA in the gels, they were
been conducted using Fab fragments. Fab fragments were used instained with 0.5% Alcian blue in 3% acetic acid for 2 hr, destained
order to minimize the possibility of redistribution of PH-20 on thein 7% acetic acid, and counterstained with Coomassie blue R-250.
plasma membrane, which may occur when live sperm are treatedThe relative enzyme activities of polypeptides within a given lane
with multivalent antibodies to other sperm surface antigens (Wolfwere determined by scanning of gels as described above for Western
et al., 1992; McKinnon et al., 1991; Cardullo and Wolf, 1995). Fabblots. Prestained molecular weight standards were used (Bio-Rad)
fragments were prepared from R-10 IgG using a Fab fragment prepa-in order to visualize them in the HA-containing gel.
ration kit (Pierce, Rockford, IL). Fab was further puri®ed by sub-ELISA-like assay for hyaluronidase activity. Enzyme activity
jecting the Fab solution to ultra®ltration using a Centricon (Ami-of acrosome-intact sperm and the soluble fraction from AR sperm
con, Danvers, MA) with a 100-kDa cutoff membrane and collectingwas determined using a microtiter plate assay based on hydrolysis
the ®ltrate. In these experiments, Fab (100 mg/ml ®nal concentra-of HA bound to microplate wells as modi®ed from Stern and Stern
tion) was added 2 min after the addition of A23187 (15 mM ®nal(1992). The amount of HA remaining on the plate following hydro-
concentration) to capacitated sperm (6 1 108 to 8 1 108 in 1 ml).lysis was detected using biotinylated HA-binding protein (HABP)
Following 12 min of co-incubation of ionophore-treated sperm withderived from bovine nasal cartilage as described in Stern and Stern
the antibody, sperm were ®xed in 2% paraformaldehyde in PBS for(1992). Brie¯y, 96-well Covalink-NH microtiter plates (Nunc, Inc.)
20 min. Sperm were then washed twice with PBS containing 1%were covalently precoated with HA (ICN) solution at a concentra-
PBS, incubated again with Fab (100 mg/ml) for 2 hr, washed twice,tion of 0.1 mg/ml using sulfo-NHS (Pierce Chemical Co.) and ethyl-
incubated for 4 hr with 10-nm-gold-conjugated goat antibody raised3-(3 dimethylaminopropyl) carbodiimide (EDC, Sigma Chemical).
against rabbit Fab, and processed for electron microscopy as pre-Hyaluronidase activity was determined relative to a standard curve
viously described (Overstreet et al., 1995).established using serial dilutions of a commercial bovine testicular
hyaluronidase preparation (Wydase, Wyeth-Ayerst, Inc.) at pH 4.0
in 0.1 M sodium formate buffer. Standard curves were determined
in triplicate for each assay. RESULTS
For detection of hyaluronidase activity across a pH range, the
Triton X-100 extract of acrosome-intact sperm was thawed at 47C
Characterization of PH-20. This study investigated theand diluted 1:10 in either a 0.1 M citrate±0.2 M phosphate (pH
PH-20 protein in four different macaque sperm prepara-range 2.5±7.0) or a 0.2 M phosphate (pH range 5.0±8.0). Subsequent
tions. These included ejaculated washed sperm (noncapaci-experiments at a ®xed pH used either a 0.1 M sodium formate buffer
tated), chemically capacitated sperm, AR sperm, and the(pH 4.0) or a 0.05 M Tris buffer (pH 7.0) for assessing hyaluronidase
soluble fraction released at the time of the AR. When freshlyactivity at acid and neutral pH values for both the acrosome-intact
ejaculated and capacitated macaque sperm were extractedsperm extract and the soluble fraction from AR sperm (following
addition 1% Triton X-100). These samples were added to microtiter in nonreducing SDS solubilizing buffer and immediately
plate wells in triplicate (100 ml/well) following a 30-min equilibra- boiled for 5 min prior to SDS±PAGE, the anti-PH-20 poly-
tion of the microplate wells with the corresponding pH buffer. The clonal antibody immunoblotted PH-20 as a diffuse band
appropriate wells for a Wydase standard curve were also prepared with an apparent molecular weight of 64 kDa (Fig.1, Lanes
in triplicate at this time. Following incubation for 4 hr at 377C, 1 and 2). When sperm were induced to undergo the AR
the microplate wells were washed 10 times with phosphate-buf- (80% reacted) with A23187 and washed prior to solubiliza-
fered saline (PBS) containing 2.0 M NaCl, 41 mM MgSO4, and tion, the same 64-kDa band and an additional 53-kDa band0.05% Tween 20 (Sigma) using a gravity ¯ow plate-washer.
were recognized with R10 antiserum. The 53-kDa form ofBlocking solution (0.5% nonfat dry skim milk in PBS) was then
PH-20 appeared as a thin, tight band on the 4±15% gradientadded (300 ml/well) to the microplates and the plates were incu-
gels (Fig. 1, Lane 3). Quantitative scans of immunoblotsbated for 30 min at 377C. Biotinylated HABP was added to the
showed that the 64-kDa form of PH-20 represented greaterplates (1:200) in 100 ml 0.025 M sodium phosphate buffer containing
0.15 M NaCl, 0.3 M guanidine HCl, 0.08% BSA, and 0.02% sodium than 90% (mean, 92.5% { 2.1; n  3 experiments) of the
azide. Following incubation for 60 min at 377C, the plates were total immunoreactive PH-20 in AR sperm. The soluble ma-
washed 10 times as described above and biotinylated HABP was terial released during the acrosome reaction (100,000g su-
detected in microplate wells with the avidin±biotin±peroxidase pernatant) also included both the 53- and 64-kDa forms of
complex via reaction using an o-phenylenediamine substrate (Vec- PH-20 (Fig. 1, Lane 4). Quantitation of these immunoblots
tor, Burlingame, CA). Absorbance at 490 nm was read using an indicated that the 64-kDa form represented approximately
automated microplate reader (Dynatech, Inc.). Triplicate control
89% of the total immunoreactive PH-20 in the soluble frac-wells containing no hyaluronidase were incubated with and with-
tion resulting from the AR. Control rabbit serum did notout HABP to determine maximum and minimum optical densities,
react with any polypeptides in any sperm preparations (Fig.respectively. Computer software (DeltaSoft II, Biometallics,
1, Lane 5). The soluble protein (100,000g supernatant) re-Princeton, NJ) was used to calculate unknown sample enzyme ac-
leased as a result of the AR (80% reacted) was 0.003 mg,tivity in National Formulary Units (NFU) relative to the Wydase
standard curve at pH 4.0. Hyaluronidase activity was expressed as while the protein extracted from 1 1 108 to 2 1 108 sperm
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FIG. 1. Immunoblots of SDS±PAGE of macaque sperm (approxi- FIG. 2. Immunoblots of macaque sperm extracts (approximately
mately 4.5 mg protein/lane), boiled in nonreducing SDS sample 4.5 mg protein/lane), boiled and not boiled in nonreducing sample
buffer, and probed with R10 rabbit antibody to recombinant ma- buffer, probed with R10 rabbit antibody to recombinant macaque
caque PH-20. Lane 1: Solubilized washed, freshly ejaculated sperm. PH-20. Lane 1: Acrosome-intact sperm which were immersed into
Note the 64-kDa immunoreactive band (upper arrowhead). Lane 2: boiling solubilization buffer for 3 min. Lane 2: Acrosome-intact
Solubilized capacitated sperm. Lane 3: Solubilized acrosome-re- sperm as shown in Lane 1, but without boiling. Note the presence
acted sperm. Note the immunoreactive band at 53 kDa (lower ar- of the lower 53-kDa band.
rowhead). Lane 4: Soluble fraction from acrosome-reacted sperm.
Lane 5: Solublized acrosome reacted sperm probed with control
rabbit serum. Molecular weight standards were myosin, 200 kDa;
b-galactosidase, 116 kDa; phosphorylase b, 97 kDa; bovine serum
albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 31 kDa.
was 0.23 mg. Thus only 1.3% of the total detergent ex-
tracted protein of acrosome-intact sperm is released as a
result of the AR.
The 53-kDa form of PH-20 in acrosome-intact sperm was
present in all detergent extracts except when samples were
boiled immediately after addition of solubilization buffer.
SDS sample buffer extracts of sperm at 47C, even in the
presence of protease inhibitors, always exhibited the 53-
kDa form of PH-20 (Fig. 2, Lanes 1 and 2). Since the 53-kDa
form of PH-20 was present in boiled extracts of AR sperm
and in the soluble AR material, its absence in boiled acro-
some intact sperm samples was not due to its degradation
by boiling.
In order to investigate if macaque PH-20 was susceptible
to endoproteolytic cleavage, reduced samples were analyzed
by SDS±PAGE and immunoblotting. Under reducing condi-
tions, capacitated sperm extracts exhibited additional forms
of PH-20 at approximately 30 and 40 kDa (Fig. 3, Lanes 2
FIG. 3. Immunoblots (R-10 antibody) of macaque sperm (approxi-and 3). Under these conditions, there was a shift of the 64-
mately 4.5 mg protein/lane) solubilized in either nonreducing orkDa form to an apparent molecular weight of 67 kDa; the
reducing SDS±PAGE sample buffer. Gels are 4±15% gradient gels.53-kDa form did not undergo a signi®cant shift in apparent
Lane 1: Acrosome-intact sperm under nonreducing conditions.molecular weight. In AR sperm samples evaluated under
Lane 2: Acrosome-intact sperm under reducing conditions. Lane
reducing conditions, the 67-kDa form was virtually absent, 3: Acrosome-reacted sperm under reducing conditions. Note the
and the proportions of the 40- and 30-kDa forms were in- presence of 40- and 30-kDa immunoreactive bands under reducing
creased as compared to acrosome intact sperm (compare Fig. conditions. Molecular weight standards were myosin, 200 kDa; b-
3, Lanes 2 and 3). The soluble fraction from AR sperm under galactosidase, 116 kDa; phosphorylase b, 97 kDa; bovine serum
albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 31 kDa.reducing conditions appeared similar to acrosome-intact
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ity (approximately 14% less) of the 64-kDa polypeptide from
the activity of one identical sample shown in Lane 2 (Fig. 4);
the recombinant PH-20 also showed a decrease in activity
at pH 4.0 (Fig. 4, Lane 5). On the other hand, the 53-kDa
polypeptide that demonstrated no activity at pH 7.0 had
signi®cant hyaluronidase activity at pH 4.0 (Fig. 4, Lane 4).
Under acid conditions (pH 4.0), the 53-kDa form of PH-20
represented approximately 35% of the total hyaluronidase
activity based on the relative digested regions of the gels.
The hyaluronidase inhibitor apigenin (250 mM) inhibited all
of PH-20 hyaluronidase activity at pH 4.0 (Fig. 4, Lane 6)
and at pH 7.0 (not shown).
The 53-kDa form of PH-20 released at the AR and recov-
ered in the soluble fraction (Fig. 5, Lane 1) also possessed
hyaluronidase activity at pH 4.0 (Fig. 5, Lane 2) but not at
pH 7.0 (Fig. 5, Lane 3). Based on substrate gel analyses, the
64-kDa form of PH-20 present in the soluble AR fraction
FIG. 4. Hyaluronic acid substrate SDS±PAGE (7.5% gels) of acro- was not active enzymatically at either pH 4.0 or pH 7.0
some-intact sperm samples (approximately 9 mg protein/lane). Lane (Fig. 5, Lanes 2 and 3). The enzyme characteristics of the 64-
1: Immunoblot (R10 antibody) of acrosome-intact sperm shown kDa polypeptide in the soluble AR fraction thus appeared to
for reference. Lane 2: Acrosome-intact sperm at pH 7.0, showing differ from those of the 64-kDa polypeptide in acrosome-
digestion of hyaluronic acid by the 64-kDa form of PH-20. Lane 3: intact sperm extracts. The substrate gel results suggestedRecombinant macaque PH-20 (0.4 mg) at pH 7.0. Lane 4: Acrosome-
that less overall hyaluronidase activity was present in theintact sperm at pH 4.0, showing reduced activity at 64 kDa and
soluble AR fraction as compared with acrosome-intactactivity at 53 kDa. Lane 5: Recombinant macaque PH-20 (0.4 mg)
sperm extracts.at pH 4.0, showing reduced activity at 63 kDa as compared with
Hyaluronidase activities, assessed using the ELISA-likepH 7.0. Lane 6: Acrosome-intact sperm at pH 4.0 in which 250 mM
apigenin was added to the incubation buffer, and hyaluronidase hyaluronidase assay at increasing pH conditions (pH 2.5±
activity was completely inhibited. Similar results were obtained 8.0), showed that two peaks of enzyme activity were present
at pH 7.0. Molecular weight standards were myosin, 200 kDa; b- in acrosome-intact sperm (Fig. 6A). These peaks of activity
galactosidase, 116 kDa; phosphorylase b, 97 kDa; bovine serum were near pH 4.0 and above pH 7.0 and corresponded to the
albumin, 66 kDa; ovalbumin, 45 kDa. activity of the 53- and 64-kDa forms of PH-20, respectively,
as assessed using substrate gel electrophoresis. Assays of
Triton X-100 extracts of acrosome-intact sperm indicated
sperm extracts with respect to relative proportions of the
four immunoreactive polypeptides (not shown).
Hyaluronidase activity of the different forms of PH-20.
In order to investigate the hyaluronidase activity associated
with the two different forms of PH-20 in noncapacitated,
capacitated, and the soluble AR fractions, hyaluronic sub-
strate gel analyses were performed. SDS substrate±PAGE,
using HA immobilized in the gel and Alcian blue staining,
demonstrated that all of the hyaluronidase activity in capac-
itated acrosome-intact macaque sperm at pH 7.0 is associ-
ated with the 64-kDa PH-20 (Fig. 4, Lanes 1 and 2). Identical
results were obtained with noncapacitated sperm in experi-
ments which compared capacitated and noncapacitated
sperm from nine different males (not shown). The 64-kDa
form of PH-20 appeared as a doublet under the electropho-
retic (7.5% gel) and hyaluronidase assay conditions em-
ployed. Recombinant macaque PH-20 (0.04 mg protein), con-
sisting of a single immunoreactive polypeptide at 63 kDa
(Overstreet et al., 1995), also exhibited enzyme activity at
FIG. 5. Hyaluronic acid substrate SDS±PAGE of the soluble acro-
pH 7.0 (Fig. 4, Lane 3). The 53-kDa form, which was present some reaction fraction (approximately 0.3 mg protein/lane). Lane 1:
in all of the extracts that were not boiled (in order to pre- Immunoblot (R-10 antibody) of soluble fraction shown for refer-
serve enzyme activity), had no hyaluronidase activity at pH ence. Lane 2: Soluble fraction at pH 4.0, showing enzyme activity
7.0 (Fig. 4, lane 3). only at 53 kDa on the 7.5% gel. Lane 3: Soluble fraction at pH 7.0,
showing no enzyme activity on the 7.5% gel.At pH 4.0, there was some reduction in the enzyme activ-
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that hyaluronidase activity was present at both pH 4.0 and
pH 7.0 and that there was approximately twice as much
relative enzyme activity at the neutral pH (Fig. 6B). This
®nding was consistent with the results obtained for acro-
some-intact sperm using substrate gel electrophoresis. The
soluble AR fraction was found to have the greatest enzyme
activity at pH 4.0, which is also consistent with the activity
of the 53-kDa form of PH-20 from the soluble AR fraction
as demonstrated in substrate gel assays (Fig. 6C). However,
the ELISA-like assay did demonstrate some enzyme activity
in the AR fraction at pH 7.0, whereas the substrate gels
showed no observable digestion of HA at neutral pH (see
Fig. 5). The results of this ELISA-like assay also differed
from those of the substrate gels in that the relative level of
enzyme activity for the soluble AR fraction at pH 4.0 was
greater than the activity of PH-20 in acrosome-intact sperm
at either acid or neutral pH. SDS substrate±PAGE assays
of the same Triton X-100 sperm extracts used in ELISA
assays were similar to those presented in Fig. 4 for SDS-
extracted sperm.
In order to evaluate the hyaluronidase extraction ef®-
ciency of the experimental procedures, Triton X-100-ex-
tracted sperm were probed with the R-10 antibody and ex-
amined by indirect immuno¯uorescence according to
Overtstreet et al. (1995). Only minimal ¯uorescence of
these sperm was observed, indicating that the majority of
the PH-20 was removed by the extraction procedure.
Ultrastructural localization of PH-20. Addition of R-10
Fab immediately following the addition of A23187 enabled
us to localize PH-20 on live sperm which were acrosome-
intact as well as on sperm which had initiated the AR. The
AR sequence began with sites of fusion between the plasma
and outer acrosomal membranes and the initial release of
acrosomal contents, followed by formation of an acrosomal
shroud (hybrid membrane vesicles) and exposure of the in-
ner acrosomal membrane. Our observations using R-10 Fab
con®rmed that macaque sperm which are acrosome-intact
or have just initiated the AR display PH-20 over the head
plasma membrane (Fig. 7A; Overstreet et al., 1995). Since
these sperm were induced to undergo the AR in the presence
of the Fab, we were able to detect label at sites of membrane
fusion and in association with amorphous material which
was released from the acrosome (Fig. 7B). Increased label
was associated with the acrosomal contents at these appar-
ent sites of membrane fusion as compared to the labeling
along the plasma membrane. In some sperm which had ini-
FIG. 6. Results of ELISA-like hyaluronidase assay for Triton X-
100 extracts of acrosome-intact sperm and the soluble acrosome
reaction fraction. (A) Enzyme activity of extracts from acrosome-
intact sperm across a pH range. j, 0.1 M citrate±0.2 M phosphate
buffer. n, 0.2 M phosphate buffer. (B) Enzyme activity of acrosome
intact sperm at pH 7.0 and pH 4.0. (C) Enzyme activity of the
soluble acrosome reaction fraction at the same two pH values.
Standard curves were constructed with bovine testicular hyaluroni-
dase (Wydase) at pH 4.0.
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tiated the AR, plasma membrane labeling was continuous AR, could involve proteolysis of membrane-bound PH-20
(near the GPI anchor region of the carboxy terminus) and/along the sperm surface (Fig. 7B). In addition to the PH-20
associated with the inner acrosomal membrane and mem- or possibly phospholipase activity (release of the GPI anchor
from the membrane). In studies of guinea pig sperm PH-20,brane vesicles, sperm which had completed the AR also
exhibited label in regions not associated with membranes; it has been shown that the major form of the protein has
an apparent molecular weight of 62 kDa under nonreducingthis labeling appeared to be associated with amorphous
acrosomal matrix material (Fig. 7C). The vesiculated acroso- conditions, but a minor form of 54 kDa also was present in
af®nity puri®ed PH-20 preparations and its appearance wasmal shroud, consisting of hybrid membrane (plasma and
outer acrosomal membranes) and adhering acrosomal ma- unaffected by the inclusion of a complex mixture of prote-
ase inhibitors in the extraction medium (Primakoff et al.,trix, was persistent in all preparations of AR sperm and
always labeled with Fab. 1988).
Macaque PH-20 is a glycosylated protein with seven sites
of potential N-glycosylation, four of which are located in
the hyaluronidase region of the molecule (Lin et al., 1993).DISCUSSION
Based on this structure, glycolytic cleavage of the carbohy-
drate residues of the 64-kDa form of macaque PH-20 at theThe PH-20 protein is bifunctional in that it is involved
time of the AR would be the most plausible explanationin both cumulus penetration via its hyaluronidase activity
for the appearance of the 53-kDa form. This hypothesis is(Lin et al., 1994) and in binding of AR sperm to the zona
supported by the following evidence: (1) the 53-kDa formpellucida (Primakoff et al., 1985; Myles et al., 1987; re-
migrates as a very tight band on SDS±PAGE, while the 64-viewed by Ramarao et al., 1994). The amino terminal 300
kDa form is a diffuse band characteristic of glycoproteins;amino acids of PH-20 are responsible for hyaluronidase ac-
(2) guinea pig PH-20 treated with N-glycanase migrates attivity, while the carboxy terminus could be the protein do-
50±52 kDa (Lathrop et al., 1990); and (3) the calculatedmain involved in secondary binding (Ramarao et al., 1994).
molecular weight of macaque PH-20 is approximately 51.8Although con®ned to the posterior head of acrosome intact
kDa, based on its primary sequence (Lin et al., 1993).guinea pig sperm (Myles and Primakoff, 1984; Phelps et al.,
Under reducing conditions, the characteristics of ma-1990), PH-20 is present over the anterior head region of
caque PH-20 appear to be very similar to those of guineamouse, human, and macaque sperm (Lin et al., 1994;
pig PH-20 (Primakoff et al., 1988). In both species, two lowerOverstreet et al., 1995). In this study, we have characterized
molecular weight forms (at 30 and 40 kDa in macaquethe membrane-associated form of macaque sperm PH-20,
sperm) are present, and the major PH-20 polypeptide under-as well as one soluble form, with respect to molecular
goes an apparent shift in molecular weight (64 to 67 kDaweight and hyaluronidase activity. We have also studied
in macaque sperm). In guinea pig sperm, the transformationthe location of PH-20 in the cells before and after the AR
of PH-20 into two lower molecular weight forms under re-using Fab fragments of a rabbit IgG which was raised against
ducing conditions has been attributed to endoproteolyticthe recombinant PH-20 protein.
cleavage of the protein into two disul®de-linked fragments.Characterization of macaque sperm PH-20. In the pres-
Our data suggest that a similar alteration of macaque sperment study, two forms of PH-20 from macaque sperm were
PH-20 takes place. In reduced extracts of acrosome-reactedobserved in immunoblots of nonreducing SDS±PAGE: a
macaque sperm, the 67-kDa form was almost absent, whilemajor band at 64 kDa and a minor band at 53 kDa. In our
the two lower molecular weight forms were greatly in-experiments, only rapid boiling of viable acrosome-intact
creased in comparison with acrosome-intact sperm. Somesperm prevented the appearance of the 53-kDa form of PH-
of the lower molecular weight forms were observed in all20. Because its absence under these conditions was not due
extracted samples in this study (even when protease inhibi-to degradation by boiling, these results suggest that glycosi-
tors were present), and this observation must be attributeddase activity or proteases other than those affected by the
to proteolysis, which was initiated following extraction, orinhibitors used were responsible for generation of the lower
to the presence of some AR sperm present in the acrosomemolecular weight form. The release of the 53- and 64-kDa
forms of PH-20 from the sperm membranes, following the intact samples. The 53-kDa form of macaque PH-20 was
FIG. 7. Fine structural localization of macaque PH-20 using R-10 Fab in sperm initiating the acrosome reaction and in sperm which
have completed it. Antibody was added to capacitated sperm immediately after addition of A23187, followed by ®xation at 12 min. (A)
Sperm which is initiating the AR at the anterior tip of the head (arrows). The majority of the plasma membrane is still intact and PH-20
labeling can be observed along the surface. This labeling is similar to that previously described (Overstreet et al., 1995). Bar, 0.3 mm. (B)
Higher magni®cation of a sperm initiating the AR. Fab labeling is associated with material dispersing from the acrosome at sites of
membrane fusion (arrows). Bar, 0.15 mm. (C) Sperm which have completed the AR typically possess a ``shroud'' of hybrid vesicles and
acrosmal matrix which all label with Fab. The inner acrosomal membrane labels heavily with Fab, as previously reported with R-10
(Overstreet et al., 1995). Bar, 0.5 mm.
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not observed consistently to change in apparent molecular broad pH optima on substrate gels, they had greater appar-
ent hyaluronidase activity at neutral pH. Because the 64-weight under reducing conditions, although in several ex-
periments, upward shifts of approximately 1±1.5 kDa could kDa form also has signi®cant activity at acid pH, it is possi-
ble that proteolytic and/or glycolytic processing of the 64-be discerned.
The PH-20 proteins from macaque and guinea pig sperm kDa form to the 53-kDa form resulted in a more de®ned
pH optimum for the enzyme. It is not clear why substratehave a 59% amino acid identity (Lin et al., 1993) and appear
to behave similarly on SDS±PAGE. However, the two pro- gel analyses failed to demonstrate enzyme activity of the
64-kDa form of PH-20 in the soluble fraction, nor is itteins differ in their electrophoretic behavior from ram
sperm hyaluronidase (Harrison, 1988a, 1988c), which is ap- known why the 53-kDa form is only active at acid pH. The
ELISA-like hyaluronidase assay con®rmed that macaqueparently PH-20 (Gacesa et al., 1994). The basis for the elec-
trophoretic differences between species is presently un- sperm have both acidic (pH 4.0±4.5) and neutral (⁄pH 7)
enzyme activities. Hyaluronidase activity at acidic pH canknown.
Hyaluronidase activity of PH-20. Careful observations be considered physiologically relevant since the acrosome is
an acidic compartment. However, the activity at pH valuesof sperm±cumulus interactions in several species have
demonstrated that sperm traverse the cumulus ECM prior above pH 7.5 are less likely to have biological signi®cance.
The ELISA-like assay results differed from those of the sub-to the AR (Suarez et al., 1984; Corselli and Talbot, 1986;
Cherr et al., 1986; reviewed by Yanagimachi, 1994). There strate gels in two ways: (1) some hyaluronidase activity was
present in the soluble fraction at neutral pH, presumablyis also experimental evidence that sperm surface hyaluroni-
dase activity is involved in cumulus penetration (Zao et al., due to the presence of the 64-kDa form which was not active
on substrate gels; and (2) the ELISA-like assay indicated that1985; Cummins and Yanagimachi, 1986) and is required for
sperm to reach the zona pellucida (Lin et al., 1994). It is the total hyaluronidase activity in the soluble fraction was
greater than the activity observed in acrosome-intact sperm,likely that hyaluronidase activity associated with the sperm
plasma membrane is due to GPI-anchored PH-20, and the while qualitative analysis of the substrate gels indicated
that the activity in the soluble fraction was signi®cantlyresults of the present study are consistent with this model
since macaque PH-20 was found to exhibit the majority of less than activity in acrosome-intact sperm. Some reasons
for quantitative differences in enzyme activities betweenits hyaluronidase activity at physiological pH (near pH 7).
Previous studies have suggested that sperm hyaluroni- the two methods include differences in incubation media
and the presence or absence of other sperm constituents.dases are acid-active soluble enzymes which are released at
the time of the AR (Zaneveld et al., 1973; Yang and Srivas- Since it is well known that hyaluronidase activity can be
potentiated by ionic strength, speci®c salts, proteins (e.g.,tava, 1975; De Vries et al., 1985; Harrison, 1988a, 1988b;
Hardy et al., 1991). Recently, signi®cant sequence homol- albumin), and polymers (Lyon and Phelps, 1981; Harrison,
1988b; Joy et al., 1985; Guntenhoner et al., 1992; A®fy etogy was reported between the hyaluronidase from ovine
sperm and PH-20 from sperm of humans, macaques, and al., 1993), the observed differences between the two assays
in this study were not surprising. It is noteworthy that bothguinea pigs (Gacesa et al., 1994). There has been an apparent
enigma as to how membrane-anchored PH-20 could be the assessments of PH-20 hyaluronidase activity were in
agreement with respect to the pH ranges which were opti-soluble acid-active hyaluronidase which is believed to re-
side in the acrosomal matrix (Gacesa et al., 1994). The re- mal for the enzyme extracted from acrosome-intact sperm
and the enzyme recovered in the soluble AR fraction.sults of the present study directly address this enigma since
they suggest that neutral-active GPI-anchored PH-20 is en- Bovine testicular hyaluronidase (which is presumably
PH-20) is known to hydrolyze the internal bonds of HA,zymatically processed upon initiation of the AR to release
a soluble acid-active form (53 kDa), as well as a soluble which are N-acetylhexosamine linkages attached through
the 4-position of the uronic acid. This hyaluronidase can64-kDa form which has no or low hyaluronidase activity.
Although we do not detect the 53-kDa soluble form of PH- also transglycosylate the resulting disaccharides and tetra-
saccharides to hexasaccharides and octasaccharides (Taka-20 prior to initiation of the AR, we cannot rule out the
possibility that some of the 64-kDa protein exists in a solu- gaki et al., 1994). This reaction also occurs with other gly-
cosaminoglycans and may change their biological functionble form in the acrosome prior to initiation of the AR. We
hypothesize that an enzymatically derived form of PH-20 (Saitoh et al., 1995). Of particular relevance to the present
study is that the ideal pH range for the hydrolysis reactionis responsible for the soluble hyaluronidase activity which
is released from the mammalian sperm acrosome. The fact is between 3.0 and 6.0 (pH 5.0 is optimal), while the ideal
pH range for the transglycosylation reaction is between 6.0that a signi®cant quantity of PH-20/hyaluronidase remains
associated with sperm following the AR has been well docu- and 9.0 (pH 7.0 is optimal) (Saitoh et al., 1995). The func-
tional changes which result from such specialized glycosyl-mented in several species (Cowan et al., 1986; Harrison,
1988a; Hardy et al., 1991; Overstreet et al., 1995; Thaler transferase activity are currently unknown but should be
considered in future studies of PH-20±cumulus ECM inter-and Cardullo, 1995), and these observations are consistent
with our ®ndings in the present study. action.
The different forms of PH-20 and their potential roles inAlthough the 64-kDa form of PH-20 from macaque sperm
and the 63-kDa recombinant macaque PH-20 both exhibited gamete interaction. Fine structural localization of PH-20
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using Fab fragments prepared from the IgG to recombinant ble hyaluronidase would facilitate a localized, limited hy-
drolysis of the ECM at physiological pH, since the microen-macaque sperm PH-20 (which recognizes both the 64- and
the 53-kDa forms) clearly showed that at the stage of AR vironment surrounding the sperm would quickly buffer the
acidic contents of the acrosome. Mechanical shearing ofinitiation, PH-20 was associated with the dispersing acroso-
mal contents as well as the plasma membrane, hybrid mem- this hydrolyzed ECM by the rapidly beating ¯agellum could
then proceed (Yudin et al., 1988).brane vesicles, and the inner acrosomal membrane. In a
previous study, the R-10 antibody did not appear to label the In summary, we have demonstrated biochemically and
ultrastructurally that soluble PH-20 is released from ma-dispersing matrix of ®xed AR macaque sperm (Overstreet et
al., 1995). Labeling was observed in the present study when caque sperm which have initiated the AR, and that the
major soluble hyaluronidase is a 53-kDa form of PH-20the antibody (Fab) was present at the time the AR was initi-
ated. Our failure to observe the soluble PH-20 in the previ- which is acid-active. This active soluble form may be gener-
ated as a result of protease, glycosidase, and phospholipaseous study is probably due to the rapid dispersion and loss
of soluble PH-20 during ®xation and washing of cells, prior activities which could alter the 64-kDa membrane-bound
form of the protein. The parent protein is a more neutral-to treatment with primary antibody. When the antibody is
present during the AR as in the present study, it may inhibit active enzyme and is present on the plasma and inner acro-
somal membranes. We conclude that the bifunctional pro-PH-20 diffusion and thus facilitate localization of soluble
PH-20. As descibed above, we hypothesize that the appear- tein PH-20 is both the neutral-active and acid-active mam-
malian sperm hyaluronidase, and that its enzyme activityance of the 53-kDa form of PH-20 is a result of proteolysis
and/or of glycosidase and phospholipase activities on the is involved in sperm penetration of the cumulus oophorous.
The enzyme functions of the PH-20 protein during the suc-membrane form of PH-20. This hypothesis is based on the
fact that only a single form of the 64-kDa macaque PH-20 ceeding events of sperm binding and penetration of the zona
pellucida are the subject of current investigation.exists in the testis, and it is a GPI-anchored membrane
protein (Lin et al., 1993); as such, the presence of soluble
64-kDa PH-20 would likely be due to enzymatic processing
of the membrane-bound form. This possibility is strength- ACKNOWLEDGMENTS
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